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ABSTRACT 
 
 
 
 The high level of sulfur in fuel has contributed to the emission of sulfur oxide 
(SOx) which is a major cause of air pollution, acid rain and global warming. Among 
desulfurization techniques, photocatalytic oxidative desulfurization (PODS) has received 
much attention due to low energy consumption, high efficiency and ability to convert 
toxic organic pollutants into non-toxic products. Coupling of the widely used titanium 
dioxide (TiO2) photocatalyst with other semiconductor oxides can produce superior 
catalyst with a good interaction, appropriate amount of defects and narrower band gap for 
efficient photoactivity. Amorphous TiO2 has experienced intensive advances due to larger 
surface area, high amount of surface defects, as well as easy preparation method.  In this 
study, copper oxide supported on amorphous titanium dioxide (CuO/TiO2) catalysts were 
prepared via the electrochemical method. The catalysts were characterized using x-ray 
diffraction, Fourier transform infrared, nitrogen adsorption-desorption, transmission 
electron microscopy, x-ray photoelectron spectroscopy, electron spin resonance and 
ultraviolet-visible diffuse reflectance spectroscopy. The effects of using titanium (IV) 
isopropoxide (TTIP) or titanium (IV) butoxide (TBOT) for synthesizing the amorphous 
TiO2 (AT) and different copper (Cu) loading (5-20 wt%) were investigated on PODS of 
dibenzothiophene (DBT). ATTBOT showed a higher photoactivity than ATTTIP due to the 
presence of larger pore diameter and pore volume for adsorption of more DBT molecules, 
thus enhancing the activity. The loading of 5-20 wt% CuO onto ATTBOT (CATTBOT) further 
increased the activity due to the narrow band gap and the presence of Ti-O-C, O-Ti-C, O-
Ti-N and Ti-O-Cu bonds that play a role as electron acceptor and transporter. Among all 
the catalysts, 15 wt% CuO/ATTTIP (15 CATTTIP) showed the best photooxidation 
percentage of 51.2%, due to the lower band gap, suitable amount of defects, the existence 
of high amount of Ti-O-Cu and Ti-O-N/O-Ti-N bonds, as well as synergistic effect 
between Cu and N. Optimization using the Response Surface Methodology gave the best 
PODS of DBT at the optimum conditions of 100 mg L-1 using 0.8 g L-1 of 15 CATTTIP  
that was reasonably close to the predicted value. The high PODS using 15 CATTTIP during 
reusability study and application on simulated oil indicate the potential of the catalyst for 
sulfur removal in industry. 
 
 
 
vi 
 
 
 
 
 
ABSTRAK 
 
 
 
 Tahap sulfur yang tinggi dalam bahan api telah menyumbang kepada pelepasan 
sulfur oksida (SOx) yang merupakan punca utama pencemaran udara, hujan asid dan 
pemanasan global. Antara teknik penyahsulfur, fotopemangkinan penyahsulfur oksidatif 
telah mendapat banyak perhatian kerana penggunaan tenaga yang rendah, kecekapan 
tinggi dan dapat menukar pencemar organik toksik kepada produk bukan toksik. 
Gandingan fotomangkin yang digunakan secara meluas iaitu titanium dioksida (TiO2) 
dengan semikonduktor oksida lain boleh menghasilkan mangkin unggul dengan interaksi 
yang baik, jumlah kecacatan yang sesuai dan jurang jalur sempit untuk aktiviti foto yang 
cekap. TiO2 amorfus telah mengalami kemajuan yang intensif kerana luas permukaan 
besar, jumlah kecacatan permukaan yang tinggi serta kaedah penyediaan mudah. Dalam 
kajian ini, kuprum oksida disokong pada mangkin titanium dioksida amorfus (CuO/TiO2) 
telah disediakan melalui kaedah elektrokimia. Mangkin telah dicirikan menggunakan 
pembelauan sinar-x, spektroskopi inframerah transformasi Fourier, penjerapan-
penyahjerapan nitrogen, mikroskopi penghantaran elektron, spektroskopi fotoelektron 
sinar-x, resonans putaran elektron dan spektroskopi cahaya-nampak ultraungu-pantulan 
serapan. Kesan penggunaan titanium (IV) isopropoksida (TTIP) atau titanium (IV) 
butoksida (TBOT) untuk mensintesis TiO2 amorfus (AT) dan jumlah kuprum (Cu) yang 
berbeza (5-20 wt%) telah dikaji dalam PODS terhadap dibenzotiofena (DBT). ATTBOT 
menunjukkan aktiviti foto yang lebih tinggi daripada ATTTIP kerana kehadiran garis pusat 
liang dan isipadu liang yang lebih besar untuk penjerapan lebih molekul DBT, dengan itu 
meningkatkan aktiviti. Penambahan 5-20 wt% CuO ke dalam ATTBOT (CATTBOT) terus 
meningkatkan aktiviti kerana jurang jalur yang rendah dan kehadiran ikatan Ti-O-C, O-
Ti-C, O-Ti-N and Ti-O-Cu yang memainkan peranan sebagai penerima dan pembawa 
elektron. Di antara semua mangkin, 15 wt% CuO/ATTTIP (15 CATTTIP) menunjukkan 
kadar fotopengoksidaan terbaik iaitu 51.2%, disebabkan oleh tenaga jurang jalur yang 
lebih rendah, jumlah kecacatan yang sesuai dan kewujudan lebih banyak ikatan Ti-O-Cu 
dan Ti-O-N, serta kesan sinergi antara Cu dan N. Pengoptimuman menggunakan Kaedah 
Gerak Balas Permukaan memberikan PODS DBT terbaik pada keadaan optima 100 mg 
L-1 menggunakan 0.8 g L-1 15 CATTTIP yang hampir menyamai dengan nilai anggaran. 
PODS yang tinggi menggunakan 15 CATTTIP semasa kajian kebolehgunaan semula dan 
aplikasi terhadap simulasi minyak menunjukkan potensi mangkin untuk penyingkiran 
sulfur di industri.  
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CHAPTER 1 
 
 
 
 
INTRODUCTION 
 
 
 
 
 1.1 Research Background 
 
 
 Sulfur oxides (SOx) resulting from combustion of sulfur compounds in fuels have 
become one of the increasingly serious environmental problems in the world as it is the 
major reason for acid rain, global warming effect, and atmospheric pollution. In addition, 
sulfur existing in fuel causes poisoning of the catalysts in catalytic converter of vehicles 
(Triantafyllidis and Deliyanni, 2014). Thus, in recent years considerable attention has 
been paid to the deep desulfurization of gasoline due to the increasingly stringent 
environmental regulations being imposed, in order to reduce the sulfur content to very 
low levels (Nejad et al., 2013). New environmental regulations regarding the sulfur 
content in oil fuel products have forced researchers and refineries to develop efficient 
processes for production of cleaner fuels. Consequently, ultra-deep desulfurization of 
liquid hydrocarbon fuels has become an increasingly important subject worldwide (Huang 
et al., 2011). 
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Recently, the conventional process for the removal of organosulfurs in industry is 
known as hydrodesulfurization (HDS), which is carried out under high hydrogen pressure 
and temperature using a suitable catalyst. The HDS technology is highly efficient in 
removing aliphatic and acyclic sulfur-containing compounds. However, this technology 
is not effective for dibenzothiophene (DBT) and its derivatives (Li et al., 2012). Hence, it 
is essential to introduce other approaches for desulfurization to overcome those 
drawbacks, such as biodesulfurization (BDS), adsorptive desulfurization (ADS) and 
extraction desulfurization (EDS) (Zhang et al., 2013). Among all these methods, oxidative 
desulfurization (ODS) is one of the most promising ways to complement HDS due to its 
mild operating conditions, low cost, no consumption of hydrogen and high efficiency 
(Wang et al., 2014). 
 
 
The photocatalytic oxidation process, with unique advantages of low energy 
consumption and high efficiency, as well as simple and pollution-free operation, has 
proved to be a practical advanced oxidization technique for disposal of the pollutants. It 
is also more attractive than other systems and can efficiently eliminate environmental 
contaminants under mild conditions (Su et al., 2013). Photocatalytic oxidative 
desulfurization as one of the processes in ODS is promising because of its safety, high 
catalytic activity, low energy consumption and recycling availability (Zhu et al., 2013). 
Numerous studies on the photochemical desulfurization for light oils such as gasoline 
have been conducted by combining ultraviolet (UV) irradiation and liquid–liquid 
extraction. Due to the difficulty of desulfurization under UV light in industry, researchers 
also investigated the visible light induced DBT desulfurization using photosensitizer to 
extend its absorption range to visible light region. Other than that, using photocatalysts 
with narrow band gaps that can absorb visible light is a simple approach to desulfurize 
under visible light irradiation (Li et al., 2012). 
 
 
Thus far, TiO2-based catalyst as one of the most suitable semiconductor 
photocatalysts has been extensively investigated. TiO2 was also comprehensively used in 
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other applications such as water treatment and air purification, as well as sterilization, 
sanitation, and remediation purposes (Lin et al., 2016). To improve sulfur removal, 
researchers also used TiO2 photocatalysts because of its non-toxicity, chemical and 
photochemical stability, low cost, and excellent photocatalytic activity (Li et al., 2012). 
However, the use of TiO2 requires UV radiation due to its wide band gap energy (3.2 eV), 
making it rather difficult into practical application. Therefore, it is imperative to develop 
new photocatalysis materials that enable the expenditure of renewable energy resources 
such as solar light which can provide cleaner and more efficient removal of sulfur species 
from fuel oils (Li et al., 2016). In addition, in the bare TiO2 nanoparticles, a fast 
recombination can occur for the photogenerated electron–hole pairs. Such disadvantages 
has limited worldwide use of the TiO2 for various applications (Zarrabi et al., 2015).  
 
 
To overcome those shortcomings, many researchers have sought for improved 
photocatalytic activity of TiO2 by coupling it with other non-metal or metal elements (Vu 
et al., 2012). These non-metal and metal atoms can substitute in the lattice structure of 
TiO2 causing substantial enhancements in the visible light activity as compared to that of 
pure TiO2 (Zarrabi et al., 2015). Currently, the non-metal dopings that usually used to 
pursue highly active TiO2 photocatalysts are carbon (C), nitrogen (N), sulfur (S), fluorin 
(F) and boron (B). The generation of an intermediate energy state by the introduction of 
these dopants between the conduction and the valence band, allows the promotion of 
electrons with light energy lower than in the undoped TiO2 (Trevisan et al., 2014). 
 
 
 In addition, transition metals such as copper (Cu), nickel (Ni), gold (Au) and silver 
(Ag) can be doped onto TiO2 to promote its photocatalytic efficiency. Among various 
types of metal doping, copper oxide (CuO) is found to be an effective dopant of TiO2 due 
to its high electronic conductivity, low cost and high availability (Carvalho et al., 2013). 
CuO supported on TiO2 (CuO/TiO2) composite has served as an efficient photocatalytic 
material in various applications such as the decomposition of gas-phase alcohols, acid 
orange 88, methylene blue, etc. (Choudhury et al., 2013). CuO/TiO2 even possesses 
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higher activity than some noble metals loaded TiO2, which further affirms the huge 
potential of cost-effective CuO/TiO2 in photocatalysis. There are numerous methods for 
preparing CuO/TiO2 such as sol–gel, impregnation, modified ammonia evaporation-
induced synthetic and deposition–precipitation (DP) method (Liu and Zhou, 2015). 
Several studies have recently been done on electrochemical methods for preparation of 
metal oxide nanoparticles including Fe2O3, CuO, ZnO, and α-FeOOH. Further loading of 
these nanometal oxides onto supports improved their properties toward the subsequent 
reactions. This contributes to enhancement of the catalytic activity (Jaafar et al., 2012; 
Jusoh et al., 2013; Jusoh et al., 2015a; Jusoh et al., 2014).  
 
 
 Meanwhile, the efforts so far have been mostly focused on improving the 
photocatalytic properties of the crystalline phases of TiO2, as the amorphous TiO2 
structure has been reported to be a poorer photoactive substance due to its disordered 
structure and defective states (Huang et al., 2012). Nevertheless, amorphous TiO2 
compared to crystalline TiO2, has a larger surface area which is responsible for the higher 
absorptivity as well as highly amount of surface defects for enhancing the photoactivity 
(Kaur and Singh, 2012). Indeed, amorphous TiO2 is easy to prepare, does not require any 
thermal treatment, has less demand for substrate materials and can be potentially deployed 
in practical applications. These useful characteristics have led to recent attention in 
exploring amorphous TiO2 as an alternative to crystalline TiO2 phases for various 
photocatalytic reactions (Li et al., 2008; Pham and Wang, 2015). 
 
 
Although large efforts have been undertaken to find a suitable catalyst for 
photocatalytic oxidative desulfurization, there is still lack of report on the possible 
interaction between metal and support material for enhanced photocatalytic activity. 
Herein, we report a synthesis of amorphous TiO2 nanoparticles and CuO supported on 
amorphous TiO2 nanoparticles via sol-gel and electrochemical method, respectively, in a 
relatively low temperature and simple experimental set up. The role of different titanium 
sources to prepare amorphous TiO2 and effect of CuO loading to the formation of metal-
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support interaction were studied in photocatalytic oxidative desulfurization. Then, the 
kinetics, mechanism, as well as the reusability study of the best catalyst was also 
performed before the optimization process was carried out using response surface 
methodology (RSM). Lastly, the performance of the catalyst was applied for 
photocatalytic oxidative desulfurization of simulated oil. 
 
 
 
 
1.2 Problem Statement and Hypothesis 
 
 
High level of sulfur in fuel is a major source of SOx emission, which contributes 
to air pollution, acid rain and several health problems such as respiratory illnesses, heart 
disease, asthma and formation of atmospheric particulates. In refining process and 
automotive, sulfur is undesirable as they tend to deactivate the catalysts and cause 
corrosion problem. To address this problem, the sulfur level in fuel must be minimized to 
meet the environmental regulation and to reduce the environmental pollution. In the near 
future, the requirements for sulfur content will become more stringent to reduce sulfur 
emissions of the transport fuel to the zero level. The development of advanced 
technologies for ultra clean fuel is needed, thus, great efforts have been made to decrease 
the content of sulfur in fuel (Wang et al., 2013a). However, the conventional method for 
desulfurization (HDS) and other alternative approaches have their main drawbacks such 
as harsh operating condition and difficulties to achieve deep desulfurization. As a result, 
oxidative desulfurization (ODS) has been increasing interest nowadays. 
 
 
In numerous oxidative desulfurization methods, photocatalytic oxidation is 
considered as a new approach with moderate operating condition compared to traditional 
chemical oxidation. For these reasons, it has aroused worldwide research, thus become a 
promising desulfurization technology for gasoline nowadays. Although photocatalytic 
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degradation of sulfur in gasoline is much harder, some breakthroughs have been achieved. 
TiO2, as a great photocatalyst has been widely used in the field of photocatalytic 
degradation of organic pollutants. However, it also shows some disadvantages such as 
wide band gap and fast electron–hole recombination which have limited its application 
range and activity to some extent (Wang et al., 2014).  
 
 
It is hypothesized that the preparation of amorphous titanium dioxide 
nanoparticles (TiO2) via sol-gel method followed by incorporation of CuO by 
electrochemical technique give a great advantage towards photocatalytic oxidative 
desulfurization. The CuO dopant is expected to form interaction with amorphous TiO2 
support during electrochemical method, producing surface defects and impurity levels 
between the valence band and conduction band of amorphous TiO2, thus lowering the 
band gap energy. Other than the role in enabling the reaction to be carried out in the visible 
light region, the surface defects and impurity levels also improve the charge carrier 
separation by preventing the electron-hole recombination for enhanced photooxidation. 
 
 
 
 
1.3 Objectives of Study 
 
 
 The aims of this study are: 
 
I. To synthesize amorphous titanium dioxide (AT) nanoparticles and CuO supported 
on AT nanoparticles. 
II. To investigate the physico-chemical properties of the catalyst. 
III. To study the photocatalytic activity of the catalyst on oxidative desulfurization of 
dibenzothiophene. 
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IV. To determine the kinetic, mechanism and reusability of photocatalytic oxidative 
desulfurization. 
V. To optimize the photocatalytic oxidative desulfurization by response surface 
methodology (RSM) and apply for sulfur removal of simulated oil. 
 
 
 
 
1.4 Scope of Study 
 
 
 The amorphous TiO2 (AT) nanoparticles were synthesized using two titanium 
sources with different carbon chain which are titanium (IV) isopropoxide (TTIP) and 
titanium (IV) butoxide (TBOT) via sol-gel method (Ouzzine et al., 2014; Xie et al., 2015). 
Then, the CuO was loaded onto both AT using electrochemical method with different 
CuO loading (5-20 wt%) (Zaid et al., 2015). 
 
 
The physico-chemical properties of the catalysts were investigated using X-ray 
diffraction (XRD), Fourier transform infrared (FTIR), N2 adsorption-desorption, 
transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), 
electron spin resonance (ESR) and ultraviolet-visible diffuse reflectance spectroscopy 
(UV-Vis DRS). 
 
 
The photocatalytic testing on oxidative desulfurization was studied using 
dibenzothiophene (DBT) as sulfur-containing compound. The screening process was 
conducted based on literature parameters to determine the optimum conditions including 
effect of Cu loading (5-20 wt%) (Zaid et al., 2015), catalyst dosage (0.6-1.2 g L-1) (Abdelaal 
and Mohamed, 2014) and initial DBT concentration (100-300 mg L-1) (Zhu et al, 2015). 
The photocatalytic reaction were performed in a batch reactor fixed with cooling system 
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containing 1 L Pyrex glass placed on the reactor. A 72 W of UV lamp (254 nm) and 160 W 
metal halide lamp (400 nm) were used for UV and visible light source, respectively. 
 
 
The kinetic expression was described based on pseudo-first-order Langmuir-
Hinshelwood model. Then, the mechanism of the photocatalytic oxidative desulfurization 
of DBT was proposed and finally, the reusability study was also performed. 
 
 
Optimization of the photocatalytic oxidative desulfurization of DBT over 
CuO/TiO2 was performed using central composite design (CCD) by response surface 
methodology (RSM) developed by Statistica 6.0 StatSoft. The parameters include Cu 
loading (10-20 wt%), catalyst dosage (0.6-1.0 g L-1) and initial DBT concentration (100-
300 mg L-1). These parameters were chosen based on the results of preliminary studies that 
have been conducted (Vaez et al., 2012; Safari et al., 2014; Jusoh et al., 2015; Rahman et 
al., 2017). The concentration of DBT before and after the treatment with catalyst was 
measured using Ultraviolet-Visible (UV-Vis) spectroscopy. Finally, the optimum 
parameters were applied for removal of sulfur-containing compounds in simulated oil. 
 
 
 
 
1.5 Significant of Study 
 
 
This study was conducted to synthesize amorphous TiO2 and CuO supported on 
amorphous TiO2 nanoparticles. A detail analysis of physicochemical properties of the 
catalysts, as well as the photocatalytic activity has been done. The TiO2 as a great 
photocatalyst, has been widely used in the field of photocatalytic degradation of organic 
pollutants. However, it also shows some disadvantages such as narrow spectrum 
utilization and fast electron–hole recombination which has limited its application range 
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and activity. Recent studies focused on loading TiO2 with other materials to improve its 
activity. Besides, it was shown that coupling of different semiconductor oxides and the 
doping of non-metal elements can reduce its band gap, extend its absorption range to 
visible light region, promote electron-hole pair separation under irradiation and, 
consequently, achieve a higher photocatalytic activity. Among the various types of TiO2, 
amorphous TiO2 nanoparticles experienced intensive advances and a growing number of 
studies challenged the photoactivity of the amorphous TiO2. In addition, amorphous TiO2 
has several advantages that require further research such as larger surface area and high 
amount surface defects, as well as easier preparation method. The study on the 
modification of amorphous TiO2 for enhanced photoactivity might be beneficial for the 
environmental remediation in order to reduce air pollution and other related problems 
caused by sulfur oxides (SOx) from combustion of sulfur existing in the fuel. 
 
 
 
 
1.6 Thesis Outline 
 
 
 The current study includes five chapters. Chapter 1 presents the general 
introduction to the environmental effects of sulfur compounds combustion in commercial 
fuels. The conventional and alternative methods for desulfurization were mentioned as 
well. Besides, the potential of amorphous TiO2 nanoparticles based catalysts as 
semiconductor photocatalyst for oxidative desulfurization were highlighted. Problem 
statement was stated to give the main objectives of the present study, while the scopes 
covered the research work to meet these objectives. 
 
 
 Literature review was presented in Chapter 2 to review the detailed information 
regarding the sulfur-containing compounds in the commercial fuels, sulfur removal 
technologies, oxidants, catalysts and extractants used for photocatalytic oxidative 
10 
 
 
 
desulfurization, proposed mechanism and products. The synthesis and modification of 
TiO2 semiconductor were also reviewed. 
 
 
 The experimental procedure was described in Chapter 3 to introduce the chemicals 
and materials, method for catalyst preparation, characterization step and photocatalytic 
reaction which include the experimental setup and calculation for data analysis in the 
present study.  
 
 
 Chapter 4 focuses on discussion of the experimental results of the study. The first 
part explains the physicochemical properties of all catalysts by XRD, FTIR, N2 
adsorption-desorption, TEM, XPS, ESR and UV-Vis DRS. Next, their performances 
towards photocatalytic oxidative desulfurization were observed. Then, in line with the 
effect of Ti precursors, Cu loading, catalyst dosage and initial DBT concentration, the 
kinetic, mechanism, reusability study and optimization by RSM, as well as application on 
simulated oil were studied. 
 
 
 Finally, the conclusion of the study and recommendation for further studies were 
presented in Chapter 5. 
 
 
 
 
 
 
 
 
 
  
 
 
 
REFERENCES 
 
 
 
 
Aazam, E. S. (2014). Visible light photocatalytic degradation of thiophene using 
Ag-TiO2/multi-walled carbon nanotubes nanocomposite. Ceramics 
International. 40: 6705-6711. 
Abdelaal, M. Y., and Mohamed, R. M. (2014). Environmental remediation from 
thiophene solution by photocatalytic oxidation using a Pd/ZrO2-Chitosan 
nanocomposite. Ceramics International. 40: 7693-7699. 
Ahmed, M. H., Byrne, J. A.  McLaughlin, J., and Ahmed, Waqar. (2013). Study of 
Human Serum Albumin Adsorption and Conformational Change on DLC 
and Silicon Doped DLC Using XPS and FTIR Spectroscopy. Journal of 
Biomaterials and Nanobiotechnology. 4: 194-203. 
Amjed, N., Bhatti, I. A., Nazir, A., Iqbal, M. (2017). Microwave-assisted 
desulfurization of coal by photo-catalytic oxidation treatment. Energy 
Sources: 1-7. 
Annadurai, G., Juang, R., Lee, D. (2002). Factorial design analysis for adsorption 
of dye on activated carbon beads incorporated with calcium alginate. 
Advances in Environmental Research. 6: 191-198. 
Araujo, P. W., and Brereton, R. G. (1996). Experimental design II. Optimization. 
TrAC Trends in Analytical Chemistry. 15: 63-70 
Ardelean, I., Peteanu, M. Ciceo-Lucacel, R., Bratu, I. (2000). Structural 
investigation of CuO containing strontium-borate glasses by means of EPR 
and IR spectrometry. Journal of Materials Science: Materials in Electronics. 
11: 11–16 
Aziz, M. A. A. Jalil, A. A., Triwahyono, S., Saad, M. W. A. (2015). CO2 
methanation over Ni-promoted mesostructured silica nanoparticles: 
111 
 
 
 
Influence of Ni loading and water vapor on activity and response surface 
methodology studies. Chemical Engineering Journal. 260: 757–764. 
Aziz, M. A. A. Kamarudin, N. H. N., Setiabudi, H. D., Hamdan, H., Jalil, A. A., 
Triwahyono, S. (2012). Negative effect of Ni on PtHY in n-pentane 
isomerization evidenced by IR and ESR studies. Journal of Natural Gas 
Chemistry. 21: 29-36. 
Ba-Abbad, M. M., Kadhum, A. A. H., Mohamad, A. B., Takriff, M .S, Sopian, K. 
(2012). Synthesis and Catalytic Activity of TiO2 Nanoparticles for 
Photochemical Oxidation of Concentrated Chlorophenols under Direct Solar 
Radiation. International Journal of Electrochemistry Science. 7: 4871 – 
4888. 
Barreca, D., Carraro, G., Gasparotto, A., Maccato, A. Lebedev, O. I. Parfenova, A. 
Stuart, T., Tondello, E., and Tendeloo, G.V. (2011). Tailored Vapor-Phase 
Growth of CuxO-TiO2 (x = 1, 2) Nanomaterials Decorated with Au Particles. 
Langmuir. 27: 6409–6417. 
Bas, D., Boyacı, I.H. (2007). Modeling and optimization I: Usability of response 
surface methodology. Journal of Food Engineering. 78: 836–845. 
Bashiri, R., Mohamed, N. M., Kait, C. F., Sufian, S. (2015). Hydrogen production 
from water photosplitting using Cu/TiO2 nanoparticles: Effect of hydrolysis 
rate and reaction medium. International Journal of Hydrogen Energy. 40: 
6021-6037. 
Belskaya, O. B., Duplyakin, V. K., and Likholobov, V. A. (2011). Molecular 
Design of Precursor in the Synthesis of Catalytic Nanocomposite System Pt-
Al2O3. Smart Nanocomposites. 1(2): 99-133. 
Bertoni, G. Beyers, E., Verbeeck, J., Mertens, M., Cool, P., Vansant, E.F., 
Tendeloo, G. V. (2006). Quantification of crystalline and amorphous content 
in porous TiO2 samples from electron energy loss spectroscopy. 
Ultramicroscopy. 106: 630-635. 
Bezerra, M. A., Santelli, R. E., Oliveira, E. P., Villar, L. S., and Escaleira, L. A. 
(2008). Response Surface Methodology (RSM) as a Tool for Optimization in 
Analytical Chemistry. Talanta. 76(5): 965-977. 
112 
 
 
 
Bhatia, S., and Sharma, D.K. (2010). Biodesulfurization of dibenzothiophene, its 
alkylated derivatives and crude oil by a newly isolated strain Pantoea 
agglomerans D23W3. Biochemical Engineering Journal. 50: 104-109. 
Bhutto, A. W. Bazmi, A. A. Zahedi, G. Klemeš, J. J. (2014). A review of progress 
in renewable energy implementation in the Gulf Cooperation Council 
countries. Journal of Cleaner Production. 71: 168-180.  
Buddee, S., Wongnawa, S. Sirimahachai, U. Puetpaibool, W. (2011). Recyclable 
UV and visible light photocatalytically active amorphous TiO2 doped with 
M (III) ions (M = Cr and Fe). Materials Chemistry and Physics. 126: 167–
177. 
Carvalho, H. W. P., Rocha, M. V. J., Hammer, P., Ramalho, T. C. TiO2–Cu 
photocatalysts: a study on the long- and short-range chemical environment 
of the dopant. Journal of Materials Science. 48: 3904–3912. 
Chen, B., Nguyen, V., Wu, J. C. S., Martin, R., and Kočí, K. (2016). Production of 
renewable fuels by the photohydrogenation of CO2: effect of the Cu species 
loaded onto TiO2 photocatalysts. Physical Chemistry Chemical Physics. 18: 
4942-4951. 
Chen, T., Shen, Y., Lee, W., Lin, C., Wan, M. (2010). The study of ultrasound-
assisted oxidative desulfurization process applied to the utilization of 
pyrolysis oil from waste tires. Journal of Cleaner Production. 18: 1850-1858. 
Chen, X., and Mao, S. S. (2007). Titanium Dioxide Nanomaterials: Synthesis, 
Properties, Modifications, and Applications. Chemical Reviews. 107: 
2891−2959. 
Chiang, L., and Doong, R. (2014). Cu–TiO2 nanorods with enhanced ultraviolet- 
and visible-light photoactivity for bisphenol A degradation. Journal of 
Hazardous Materials. 277: 84–92. 
Choudhury, B., Dey, M., and Choudhury, A. (2013). Defect generation, d-d 
transition, and band gap reduction in Cu-doped TiO2 nanoparticles. 
International Nano Letters. 3: 25. 
Cong, Y., Zhang, J., Chen, F., and Anpo, M. (2007). Synthesis and Characterization 
of Nitrogen-Doped TiO2 Nanophotocatalyst with High Visible Light 
Activity. The Journal of Physical Chemistry C. 111: 6976-6982. 
113 
 
 
 
de Araújo, H. W. C., de Freitas Siva, M. C. Lins, C. I. M. do Nascimento, A. E., da 
Silva, C. A. A., and Campos-Takaki, G. M. (2012). Oxidation of 
dibenzothiophene (DBT) by Serratia marcescens UCP 1549 formed 
biphenyl as final product. Biotechnology for Biofuels. 5: 33.  
Dehkordi, A. M., Kiaei, Z., and Sobati, M. A. (2009). Oxidative desulfurization of 
simulated light fuel oil and untreated kerosene. Fuel Processing Technology. 
90: 435-445. 
Demirel, M., and Kayan, B. (2012). Application of response surface methodology 
and central composite design for the optimization of textile dye degradation 
by wet air oxidation. International Journal of Industrial Chemistry. 3: 24. 
Devi, L. G., and R. Kavitha. (2014). Review on modified N–TiO2 for green energy 
applications under UV/visible light: selected results and reaction 
mechanisms. RSC Advances. 4: 28265. 
Dharaskar, S. A., Wasewar, K. L., Varma, M. N., Shende, D. Z., and Yoo, C. K. 
(2013). Synthesis, characterization and application of 1-butyl-3-
methylimidazolium tetrafluoroborate for extractive desulfurization of liquid 
fuel. Arabian Journal of Chemistry. 1-10. 
Di-shun, Z., Fa-tang, L., Er-peng, Z., and Zhi-min, S. (2008). Kinetics and 
mechanism of the photo-oxidation of thiophene by O2 adsorbed on molecular 
sieves. Chem. Res. Chinese Universities. 96-100. 
dos Santos, I. D.,  Afonso, J. C., and Dutra, A. J. B. (2011). Electrooxidation of 
Phenol on a Ti/RuO2 Anode: Effect of Some Electrolysis Parameters. Journal 
of the Brazilian Chemical Society. 22(5): 875-883. 
Ebraheem, S., and El-Saied, A. (2013). Band gap determination from diffuse 
reflectance measurements of irradiated lead borate glass system doped with 
TiO2 by using diffuse reflectance technique. Materials Sciences and 
Applications. 4: 324-329. 
El-Gendy, N. S., and Speight, J. G. (2015). Handbook of Refinery Desulfurization. 
CRC Press. 476. 
114 
 
 
 
Etacheri, V., Michlits, G., Seery, M. K. Hinder, S. J., and Pillai, S. C. (2013). A 
Highly Efficient TiO2-XCx Nano-Heterojunction Photocatalyst for Visible 
Light Induced Antibacterial Applications. ACS Applied Materials & 
Interfaces. 5(5): 1663–1672. 
Fatah, N.A.A., Triwahyono, S., Jalil, A.A., Ahmad, A., Abdullah T.A.T. (2016). 
n-Heptane isomerization over mesostructured silica nanoparticles (MSN): 
Dissociative-adsorption of molecular hydrogen on Pt and Mo sites. Applied 
Catalysis A: General. 516: 135–143. 
Gao, X., Fu, F., Zhang, L., and Li, W. (2013). The preparation of Ag-BiVO4 metal 
composite oxides and its application in efficient photocatalytic oxidative 
thiophene. Physica B. 419: 80-85. 
Groysman, A. (2012). Corrosion in Systems for Storage and Transportation of 
Petroleum Products and Biofuels, NACE - International Corrosion 
Conference Series. 1-16. 
Guo, B., Zhang, Q., Li, G., Yao, J.; and Hu. C. (2012). Aromatic C–N bond 
formation via simultaneous activation of C–H and N–H bonds: direct 
oxyamination of benzene to aniline. Green Chemistry. 14: 1880. 
Haaland, P. D. (1989). Statistical problem solving. Experimental design in 
biotechnology. 86: 1-18. 
Haibo, O., Jianfeng, H., Xierong, Z., Liyun, C., Cuiyan, L., Xinbo, X., and Jie, F. 
(2014). Visible-light photocatalytic activity of SiC hollow spheres prepared 
by a vapor–solid reaction of carbon spheres and silicon monoxide. Ceramics 
International. 40: 2619–2625. 
Hauchecorne, B. and Lenaerts, S. (2013). Unravelling the mysteries of gas phase 
photocatalytic reaction pathways by studying the catalyst surface: A 
literature review of different Fourier transform infrared spectroscopic 
reaction cells used in the field. Journal of Photochemistry and Photobiology 
C: Photochemistry Reviews. 14; 72– 85. 
He, Z., Que, W., Chen, J., He, Y., Wang, G. (2013). Surface chemical analysis on 
the carbon-doped mesoporous TiO2 photocatalysts after post-thermal 
treatment: XPS and FTIR characterization. Journal of Physics and Chemistry 
of Solids. 74: 924–928. 
115 
 
 
 
Huang, J., Liu, Y. Lu, L. Li, L. (2012). The photocatalytic properties of amorphous 
TiO2 composite films deposited by magnetron sputtering. Research on 
Chemical Intermediates. 38: 487–498. 
Huang, L., Wang, G., Qin, Z., Dong, M., Du, M., Ge, H., Li, X., Zhao, Y., Zhang, 
J., Hu, T., and Wang, J. (2011). In situ XAS study on the mechanism of 
reactive adsorption desulfurization of oil product over Ni/ZnO. Applied 
Catalysis B: Environmental. 106: 26-38. 
Hussain, A. H. M. S., and Tatarchuk, B. J. (2013). Adsorptive desulfurization of 
jet and diesel fuels using Ag/TiOx-Al2O3 and Ag/TiOx-SiO2 adsorbents. Fuel. 
107: 465-473. 
Idris, A., Hassan, N., Rashid, R., Ngomsik, A. (2011). Kinetic and regeneration 
studies of photocatalytic magnetic separable beads for chromium (VI) 
reduction under sunlight. Journal of Hazardous Materials. 186: 629–635. 
Jaafar, N. F. Jalil, A. A., Triwahyono, S., Muhid, M. N. M. Sapawe, N., Satar, M. 
A. H. Asaari, H. (2012). Photodecolorization of methyl orange over α-Fe2O3-
supported HY catalysts: The effects of catalyst preparation and 
dealumination. Chemical Engineering Journal. 191: 112–122. 
Jaafar, N. F., Jalil, A. A., Triwahyono, S., and Shamsuddin, N. (2015). New 
insights into self-modification of mesoporous titania nanoparticles for 
enhanced photoactivity: effect of microwave power density on formation of 
oxygen vacancies and Ti3+ defects. RSC Advances. 5: 90991. 
Jaafar, N.F., Jalil, A.A., Triwahyono, S. (2017). Visible-light photoactivity of 
plasmonic silver supported on mesoporous TiO2 nanoparticles (Ag-MTN) for 
enhanced degradation of 2-chlorophenol: Limitation of Ag-Ti interaction. 
Applied Surface Science. 392: 1068–1077. 
Jaafar, N.F., Jalil, A.A., Triwahyono, S., Efendi, J., Mukti, R.R., Jusoh, R., Jusoh, 
N.W.C., Karim, A.H., Salleh, N.F.M., Suendo, V. (2015). Direct in situ 
activation of Ag0 nanoparticles in synthesis of Ag/TiO2 and its photoactivity. 
Applied Surface Science. 338: 75–84. 
116 
 
 
 
Jalil, A. A., Kurono, N., and Tokuda, M. (2001). Facile synthesis of 2-
arylpropenoic acid esters by cross-coupling using electrogenerated highly 
reactive zinc and a palladium catalyst. Synlett: 1944-1946. 
Jalil, A. A., Kurono, N., Tokuda, M. (2002). Synthesis of the precursor of anti-
inflammatory agents by cross-coupling using electrogenerated highly 
reactive zinc. Synthesis. 2681-2686. 
Jalil, A. A., Satar, M. A. H., Triwahyono, S., Setiabudi, H. D., Kamarudin, N. H. 
N., Jaafar, N. F., Sapawe, N., and Ahamad, R. (2013). Tailoring the current 
density to enhance photocatalytic activity of CuO/HY for decolorization of 
malachite green. Journal of Electroanalytical Chemistry. 701: 50-58. 
Jalil, A.A., Kurono, N., and Tokuda, M. (2002). Facile synthesis of ethyl 2-
arylpropenoates by cross-coupling reaction using electrogenerated highly 
reactive zinc. Tetrahedron. 58: 7477-7484. 
Jesurani, S., Kanagesan, S., Velmurugan, R., Thirupathi, C., Sivakumar, M., 
Kalaivani, T. (2011). Nanoparticles of the giant dielectric material, calcium 
copper titanate from a sol–gel technique. Materials Letters, 65: 3305–3308. 
Joshi, M.M., Labhsetwar, N.K., Mangrulkar, P.A., Tijare, S.N., Kamble, S.P., and 
Rayalu, S.S. (2009). Visible light induced photoreduction of methyl orange 
by N-doped mesoporous titania. Applied Catalysis A: General. 357: 26-33. 
Juan, Z., Dishun, Z., Liyan, Y., wand Yongbo, L. (2010). Photocatalytic oxidation 
dibenzothiophene using TS-1. Chemical Engineering Journal. 156: 528–531. 
Jusoh, N.W.C., Jalil, A.A., Triwahyono, S., Karim, A.H., Salleh, N.F., Annuar, 
N.H.R., Jaafar, N.F., Firmansyah, M.L., Mukti, R.R., Ali, M.W. (2015). 
Structural rearrangement of mesostructured silica nanoparticles incorporated 
with ZnO catalyst and its photoactivity: Effect of alkaline aqueous electrolyte 
concentration. Applied Surface Science. 330:10–19. 
Jusoh, N.W.C., Jalil, A.A., Triwahyono, S., Mamat, C.R. (2015). Tailoring the 
metal introduction sequence onto mesostructured silica nanoparticles 
framework: Effect on physicochemical properties and photoactivity. Applied 
Catalysis A: General. 492: 169–176. 
Jusoh, N.W.C., Jalil, A.A., Triwahyono, S., Setiabudi, H.D., Sapawe, N., Satar, 
M.A.H., Karim, A.H., Kamarudin, N.H.N., Jusoh, R., Jaafar, N.F., Salamun, 
N., and Efendi J. (2013). Sequential desilication–isomorphous substitution 
117 
 
 
 
route to prepare mesostructured silica nanoparticles loaded with ZnO and 
their photocatalytic activity. Applied Catalysis A: General. 468: 276– 287. 
Jusoh, R., Jalil, A. A., Triwahyono, S., and Kamarudin, N. H. N. (2015). Synthesis 
of dual type Fe species supported mesostructured silica nanoparticles: 
synergistical effects in photocatalytic activity. RSC Advances. 5: 9727. 
Jusoh, R., Jalil, A. A., Triwahyono, S., Idris, A., Noordin, M.Y. (2015). 
Photodegradation of 2-chlorophenol over colloidal α-FeOOH supported 
mesostructured silica nanoparticles: Influence of a pore expander and 
reaction optimization. Separation and Purification Technology. 149: 55–64. 
Jusoh, R., Jalil, A.A., Triwahyono, S., Idris, A., Haron, S., Sapawe, N. Jaafar, N.F., 
N.W.C. Jusoh. (2014). Synthesis of reverse micelle α-FeOOH nanoparticles 
in ionic liquid as an only electrolyte: Inhibition of electron–hole pair 
recombination for efficient photoactivity. Applied Catalysis A: General. 469: 
33–44. 
Karim, A.H., Jalil, A.A., Triwahyono, S., Sidik, S.M., Kamarudin, N.H.N., Jusoh, 
R., Jusoh, N.W.C., Hameed, B.H. (2012). Amino modified mesostructured 
silica nanoparticles for efficient adsorption of methylene blue. Journal of 
Colloid and Interface Science. 386: 307–314. 
Kaur, K., and Singh, C. V. (2012). Amorphous TiO2 as a photocatalyst for 
hydrogen production: a DFT study of structural and electronic properties. 
Energy Procedia. 
Khusnun, N. F., Jalil, A. A., Triwahyono, S., Jusoh, N. W. C., Johari, A., and 
Kidam, K. (2016). Interaction between copper and carbon nanotubes triggers 
their mutual role in the enhanced photodegradation of p-chloroaniline. 
Physical Chemistry Chemical Physics. 18: 12323. 
Kimling, M. C. Chen, D., and Caruso, R. A. (2015). Temperature-induced 
modulation of mesopore size in hierarchically porous amorphous TiO2/ZrO2 
beads for improved dye adsorption capacity. Journal of Materials Chemistry 
A. 3: 3768. 
Konstantinova, E. A., Kokorin, A.I., Lips, K., Sakhtivel, S., and Kisch, H. (2009). 
EPR study of the illumination effect on properties paramagnetic centers in 
nitrogen-doped TiO2 active in visible light photocatalysis. Applied Magnetic 
Resonance. 35: 421. 
118 
 
 
 
Kruse, N., Frennet, A., and Bastin, J.M. (1997). Studies in Surface Science and 
Catalysis. Catalysis and Automotive Pollution Control IV. 116. 
Kucharzyk, K. H. Crawford, R. L. Cosens, B., Hess, T. F. (2009). Development of 
drinking water standards for perchlorate in the United States. Journal of 
Environmental Management. 91: 303–310. 
Kumar, S., Srivastava, V. C. Badoni, R.P. (2012). Oxidative desulfurization by 
chromium promoted sulfated zirconia. Fuel Processing Technology. 93: 18–
25. 
Lam, V., Li, G., Song, C., Chen, J., and Fairbridge, C. (2012). A review of 
electrochemical desulfurization technologies for fossil fuels. Fuel Processing 
Technology. 30-38. 
Lei, W., Shuzen, L., Haijun, C., Yanyan, X., Xihui, W., and Yujing, C. (2012). 
Ultra-deep desulfurization of fuel with metal complex of Chitosan Schiff 
Base assisted by ultraviolet. Fuel. 94: 165–169. 
Li, F., Liu, Y., Sun, Z., Zhao, Y., Liu, R., Chen, L., and Zhao, D. (2012). 
Photocatalytic oxidative desulfurization of dibenzothiophene under 
simulated sunlight irradiation with mixed-phase Fe2O3 prepared by solution 
combustion. Catalysis Science and Technology. 2: 1455–1462. 
Li, G., Dimitrijevic, N. M. Chen, L., Rajh, T., and Gray, K. A. (2008). Role of 
Surface/Interfacial Cu2+ Sites in the Photocatalytic Activity of Coupled CuO-
TiO2 Nanocomposites. The Journal of Physical Chemistry C. 112: 19040–
19044. 
Li, S., Li, Y., Yang, F., Liu, Z., Gao, R., Zhao, J. (2015). Photocatalytic oxidation 
desulfurization of model diesel over phthalocyanine/La0.8Ce0.2NiO3. Journal 
of Colloid and Interface Science. 460: 8–17. 
Li, X., Zhang, Z., Yao, C., Lu, X., Zhao, X. Ni, C. (2016). Attapulgite-CeO2/MoS2 
ternary nanocomposite for photocatalytic oxidative desulfurization. Applied 
Surface Science. 364: 589–596. 
Li, Z., Zhu, Y., Wang, J., Guo, Q., Li, J. (2015). Size-controlled synthesis of 
dispersed equiaxed amorphous TiO2 nanoparticles. Ceramic International. 
41: 9057–9062. 
119 
 
 
 
Lin, C., Song, Y., Cao, L., and Chen, S. (2013). Effective photocatalysis of 
functional nanocomposites based on carbon and TiO2 nanoparticles. 
Nanoscale. 5: 4986. 
Lin, F., Jiang, Z., Tang, N., Zhang, C., Chen, Z., Liu, T., Dong, B. (2016). 
Photocatalytic oxidation of thiophene on RuO2/SO4
2−-TiO2: Insights for 
cocatalyst and solid-acid. Applied Catalysis B: Environmental. 188: 253–
258. 
Lin, F., Zhang, Y., Wang, L., Zhang, Y., Wang, D., Yang, M., Yang, J., Zhang, B., 
Jiang, Z., and Li, C. (2012). Highly efficient photocatalytic oxidation of 
sulfur-containing organic compounds and dyes on TiO2 with dual cocatalysts 
Pt and RuO2. Applied Catalysis B: Environmental. 127: 363– 370. 
Lin, W., and Frei, H. (2006). Bimetallic redox sites for photochemical CO2 splitting 
in mesoporous silicate sieve. Comptes Rendus Chimie. 9: 207–213. 
Liu, G., Han, C., Pelaez, M., Zhu, D., Liao, S., Likodimos, V., Ioannidis, N., 
Kontos, A. G., Falaras, P., Dunlop, P. S. M., Byrne, J. A., and Dionysiou, D. 
D. (2012). Synthesis, characterization and photocatalytic evaluation of 
visible light activated C-doped TiO2 nanoparticles. Nanotechnology. 23: 
294003-294013. 
Liu, Y., Zheng, Y., Wang, A. (2010). Response Surface Methodology for 
Optimizing Adsorption Process Parameters for Methylene Blue Removal by 
a Hydrogel Composite. Adsorption Science & Technology. 28(10): 2010. 
Liu, Z., Zhou, C. (2015). Improved photocatalytic activity of nano CuO-
incorporated TiO2 granules prepared by spray drying. Progress in Natural 
Science: Materials International. 25: 334–341. 
Liu, Z.L., Cui, Z.L., Zhang, Z.K. (2005). The structural defects and UV–VIS 
spectral characterization of TiO2 particles doped in the lattice with Cr
3+ 
cations. Materials Characterization. 54: 123–129. 
Lovell, E., Jiang, Y., Scott, J., Wang, F., Suhardja, Y., Chen, M., Huang, J., Amal, 
R. (2014). CO2 reforming of methane over MCM-41-supported nickel 
catalysts: altering support acidity by one-pot synthesis at room temperature. 
Applied Catalysis A: General. 473: 51–58. 
Lu, X., Li, X., Qian, J., Miao, N., Yao, C., Chen, Z. (2016). Synthesis and 
characterization of CeO2/TiO2 nanotube arrays and enhanced photocatalytic 
120 
 
 
 
oxidative desulfurization performance. Journal of Alloys and Compounds. 
661: 363-371. 
Lü, H., Deng, C., Ren, W., and Yang, X. (2014). Oxidative desulfurization of 
model diesel using [(C4H9)4N]6Mo7O24 as a catalyst in ionic liquid. Fuel 
Processing Technology. 119: 87-91. 
Ma, Y., Wang, X., Jia, Y., Chen, X., Han, H., and Li, C. (2014). Titanium Dioxide-
Based Nanomaterials for Photocatalytic Fuel Generations. Chemical 
Reviews. 114: 9987−10043. 
Mahshid, S., Askari, M., Ghamsari, M. S. (2007). Synthesis of TiO2 nanoparticles 
by hydrolysis and peptization of titanium isopropoxide solution. Journal of 
Materials Processing Technology. 189: 296–300. 
Mamaghani, A. H., Fatemi, S., and Asgari, M. (2013). Investigation of influential 
parameters in deep oxidative desulfurization of dibenzothiophene with 
hydrogen peroxide and formic acid. International Journal of Chemical 
Engineering. 1-10. 
Margeta, D., Sertić-Bionda, K., Foglar, L. (2016). Ultrasound assisted oxidative 
desulfurization of model diesel fuel. Applied Acoustics. 103. 
Miao, G., Huang, D., Ren, X., Li, X., Li, Z., Xiao, J. (2016). Visible-light induced 
photocatalytic oxidative desulfurization using BiVO4/C3N4@SiO2 with 
air/cumene hydroperoxide under ambient conditions. Applied Catalysis B: 
Environmental. 192: 72–79. 
Miyamoto, J., Kanoh, H., Kaneko, K. (2005). Pore structures and adsorption 
characteristics of activated carbon fibers having both micro- and mesopores. 
Prepr. Pap.-Am. Chem. Soc., Div. Fuel Chem. 50(1):1. 
Mumtaz, M. W. Mukhtar, H., Anwar, F., Saari, N. (2014). RSM Based 
Optimization of Chemical and Enzymatic Transesterification of Palm Oil: 
Biodiesel Production and Assessment of Exhaust Emission Levels. The 
Scientific World Journal. 526105-526116. 
Najafian, A., Rahimi, R., Zargari, S., Mahjoub-Moghaddas, M., Nazemi, A. 
(2016). Synthesis and photocatalytic activity of V-doped mesoporous TiO2 
121 
 
 
 
photosensitized with porphyrin supported by SBA-15. Research on Chemical 
Intermediates. 42: 3441–3458. 
Nejad, N. F., Shams, E., Amini, M. K., and Bennett, J. C. (2013). Synthesis of 
magnetic mesoporous carbon and its application for adsorption of 
dibenzothiphene. Fuel Processing Technology. 376-384. 
Ngamta, S., Boonprakob, N Wetchakun, N., Ounnunkad, K., Phanichphant, S., 
Inceesungvorn, S. (2013). A facile synthesis of nanocrystalline anatase TiO2 
from TiOSO4 aqueous solution. Materials Letters 105: 76–79. 
Nixon, W. C. (2008). The General Principles of Scanning Electron Microscopy. 
Philosophical Transactions of the Royal Society of London. Series B, 
Biological Sciences. 261: 837. 
Nolan, N. T., Synnott, D. W., Seery, M. K., Hinder, S. J., Wassenhoven, A. V., 
Pillai, Suresh C. (2012). Effect of N-doping on the photocatalytic activity of 
sol–gel TiO2. Journal of Hazardous Materials. 211–212: 88–94. 
Nowak, M., Kauch, B., and Szperlich, P. (2009). Determination of energy band gap 
of nanocrystalline SbSI using diffuse reflectance spectroscopy. Review of 
Scientific Instruments. 80: 046107. 
Omran, M., Fabritius, T., Elmahdy, A. M., Abdel-Khalek, N. A., El-Aref, M., and 
Elmanawi, A. E.-H. (2015). XPS and FTIR spectroscopic study on 
microwave treated high phosphorus iron ore. Applied Surface Science. 345: 
127-140. 
Ouzzine, M., Maciá-Agulló, J.A., Lillo-Ródenas, M.A., Quijada, C., Linares-
Solano, A. (2014). Synthesis of high surface area TiO2 nanoparticles by mild 
acid treatment with HCl or HI for photocatalytic propene oxidation. Applied 
Catalysis B: Environmental. 154-155: 285-293. 
Pang, Y. L., Abdullah, A.Z., Bhatia, S. (2011). Optimization of sonocatalytic 
degradation of Rhodamine B in aqueous solution in the presence of TiO2 
nanotubes using response surface methodology. The Chemical Engineering 
Journal. 166(3): 873-880. 
122 
 
 
 
 Paola, A. G., Bellardita, M., and Palmisano, L. (2013). Brookite, the Least Known 
TiO2 Photocatalyst. Catalysts. 3: 36-73. 
Park, Y., Kim, W., Park, H., Tachikawa, T., Majima, T., Choi, W. (2009). Carbon-
doped TiO2 photocatalyst synthesized without using an external carbon 
precursor and the visible light activity. Applied Catalysis B: Environmental. 
91: 355–361. 
Pereira, D. C., de Faria, D. L. A. and Constantino, V. R. L. (2006). CuII Hydroxy 
Salts: Characterization of Layered Compounds by Vibrational Spectroscopy. 
Journal of the Brazilian Chemical Society. 17(8): 1651-1657. 
Pham, H. H., and Wang, L. (2015). Oxygen vacancy and hole conduction in 
amorphous TiO2. Physical Chemistry Chemical Physics. 17: 541. 
Rahman, A.F.A., Jalil, A.A., Triwahyono, S., Ripin, A., Aziz, F.F.A., Fatah, 
N.A.A., Jaafar, N.F., Hitam, C.N.C., Salleh, N.F.M., Hassan, N.S. (2017). 
Strategies for introducing titania onto mesostructured silica nanoparticles 
targeting enhanced photocatalytic activity of visible-light-responsive Ti-
MSN catalysts. Journal of Cleaner Production. 143: 948-959. 
Rajaram, K., Savarimuthu, E., and Arumugam, S. (2014). Structural, Optical and 
Morphological characteristics of In Doped CuO Nano Particles Prepared by 
Precipitation Method. Chemical Science Review and Letters. 2(8): 626-629. 
Rakesh, Ananda, S., Gowda, N. M. M., Raksha, K. R. (2014). Synthesis of 
Niobium Doped ZnO Nanoparticles by Electrochemical Method: 
Characterization, Photodegradation of Indigo Carmine Dye and Antibacterial 
Study. Advances in Nanoparticles. 3: 133-147. 
Reyes-Coronado, D., Rodríguez-Gattorno, G., Espinosa-Pesqueira, M. E., Cab, C., 
de Coss, R., and Oskam, G. (2008). Phase-pure TiO2 nanoparticles: anatase, 
brookite and rutile. Nanotechnology. 19: 145605-145615. 
Reza, K. M., Kurny, ASW., Gulshan, Fahmida. (2015). Parameters affecting the 
photocatalytic degradation of dyes using TiO2: a review. Applied Water 
Science.  
Rodríguez-Cabo , B., Arce, A., and  Soto, A. (2013). Desulfurization of fuels by 
liquid-liquid extraction with 1-ethyl-3-methylimidazolium ionic liquids. 
Fluid Phase Equilibria. 356: 126-135. 
123 
 
 
 
Rodríguez-Cabo, B., Rodríguez, H., Rodil, E., Arce, A., and Soto, A. (2014). 
Extractive and oxidative –extractive desulfurization of fuels with ionic 
liquids. Fuel. 117: 882-889. 
Ruslan, N. N. Triwahyono, S., Jalil, A. A. Timmiati, S. N. Annuar, N. H. R. (2012). 
Study of the interaction between hydrogen and the MoO3–ZrO2 catalyst. 
Applied Catalysis A: General. 413–414: 176–182. 
Safari, M., Rostami, M. H., Alizadeh, M., Alizadehbirjandi, A., Nakhli, S. A. A., 
and Aminzadeh, R. (2014). Response surface analysis of photocatalytic 
degradation of methyl tert-butyl ether by core/shell Fe3O4/ZnO 
nanoparticles. Journal of Environmental Health Sciences & Engineering. 
12:1. 
Salleh, N.F.M., Jalil, A.A., Triwahyono, S., Efendi, J., Mukti, R.R., Hameed, B.H. 
(2015). New insight into electrochemical-induced synthesis of 
NiAl2O4/Al2O3: Synergistic effect of surface hydroxyl groups and magnetism 
for enhanced adsorptivity of Pd(II). Applied Surface Science. 349: 485–495. 
Saquib, M., Tariq, M.A., Haque, M.M., and Muneer, M. (2008). Photocatalytic 
degradation of disperse blue 1 using UV/TiO2/H2O2 process. Journal of 
Environmental Manage. 88: 300-306. 
Shang, H., Zhang, H., Du, W., and Liu, Z. (2013). Development of microwave-
assisted oxidative desulfurization of petroleum oils: A review. Journal of 
Industrial and Engineering Chemistry. 19: 1426-1432. 
Shete, G., Puri, V., Kumar, L., and Bansal, A. K. (2010). Solid State 
Characterization of Commercial Crystalline and Amorphous Atorvastatin 
Calcium Samples. AAPS PharmSciTech. 11: 2. 
Shi, B. (2015). Transmission Electron Microscope: An Introduction. Young 
Scientists Journal. 1. 
Sidik, S. M., Jalil, A. A., Triwahyono, S., Abdullah, T. A. T., and Ripin, A. (2015). 
CO2 reforming of CH4 over Ni/mesostructured silica nanoparticles 
(Ni/MSN). RSC Advances. 5: 37405. 
Sidik, S.M., Triwahyono, S., Jalil, A.A., Aziz, M.A.A., Fatah, N.A.A., Teh, L.P. 
(2016). Tailoring the properties of electrolyzed Ni/mesostructured silica 
124 
 
 
 
nanoparticles (MSN) via different Ni-loading methods for CO2 reforming of 
CH4. Journal of CO2 Utilization. 13: 71–80. 
Sidik, S.M., Triwahyono, S., Jalil, A.A., Majid, Z.A., Salamun, N., Talib, N.B., 
Abdullah, T.A.T. (2016). CO2 reforming of CH4 over Ni–Co/MSN for syngas 
production: Role of Co as a binder and optimization using RSM. Chemical 
Engineering Journal. 295: 1–10. 
Sinkó, K. (2010). Influence of Chemical Conditions on the Nanoporous Structure 
of Silicate Aerogels. Materials. 3: 704-740. 
Sobati, M. A., Dehkordi, A. M., Shahrokhi, M. (2010). Liquid–liquid extraction of 
oxidized sulfur-containing compounds of non-hydrotreated kerosene. Fuel 
Processing Technology. 91: 1386–1394. 
Song, H., Jeong, T., Moon, Y. H. Chun, H., Chung, K. Y., Kim, H. S., Cho, B. W., 
and Kim, Y. (2014). Stabilization of Oxygen-deficient Structure for 
Conducting Li4 Ti5O12-δ by Molybdenum Doping in a Reducing Atmosphere. 
Scientific Reports. 4: 4350 
Srivastava, V.C. (2012). An evaluation of desulfurization technologies for sulfur 
removal from liquid fuels. The Royal Society of Chemistry. 2: 759–783. 
Stuart, B.H. (2004). Infrared spectroscopy: Fundametals and applications. John 
Wiley & Sons, Ltd. 18-19. 
Su, C., Ran, X., Hu, J., and Shao, C. (2013). Photocatalytic process of simultaneous 
desulfurization and denitrification of flue gas by TiO2−Polyacrylonitrile 
nanofibers. Environmental Science and Technology. 47: 11562−11568. 
Sublemontier, O., Nicolas, C., Aureau, D., Patanen, M., Kintz, H., Liu, X., Gaveau, 
M., Garrec, J., Robert, E., Barreda, F., Etcheberry, A., Reynaud, ́ C., 
Mitchell, J. B., and Miron, C. (2014). X‑ray Photoelectron Spectroscopy of 
Isolated Nanoparticles. The Journal of Physical Chemistry Letters. 5: 
3399−3403. 
Sun, Y., Wang, H., and Prins, R. (2010). Hydrodesulfurization with classic Co-
MoS2 and Ni-MoS2/γ-Al2O3 and new Pt-Pd on mesoporous zeolite catalysts. 
Catalysis Today. 150: 213-217. 
125 
 
 
 
Tang, X., Hu, T., Li, J., Wang, F., and Qing, D. (2015). Desulfurization of Kerosene 
by the Electrochemical Oxidation and Extraction Process. Energy Fuels. 29 
(4): 2097–2103. 
Thommes, M., Kaneko, K., Neimark, A. V., Olivier, J. P., Rodriguez-Reinoso, F., 
Rouquerol, J., and Sing, K. S.W. (2015). Physisorption of gases, with special 
reference to the evaluation of surface area and pore size distribution (IUPAC 
Technical Report). Pure and Applied Chemistry.  
Tian, G., Fu, H., Jing, L., Tian, C. (2009). Synthesis and photocatalytic activity of 
stable nanocrystalline TiO2 with high crystallinity and large surface area. 
Journal of Hazardous Materials. 161: 1122–1130. 
Trevisan, V., Olivo, A., Pinna, F., Signoretto, M., Vindigni, F., Cerrato, G., 
Bianchi, C.L. (2014). C-N/TiO2 photocatalysts: Effect of co-doping on the 
catalytic performance under visible light. Applied Catalysis B: 
Environmental. 160–161: 152–160. 
Triantafyllidis, K. S., and Deliyanni, E. A. (2014). Desulfurization of diesel fuels: 
Adsorption of 4,6-DMDBT on different origin and surface chemistry 
nanoporous activated carbons. Chemical Engineering Journal. 236: 406-414. 
Urlaub, R., Posset, U., Thull, R. (2000). FT-IR spectroscopic investigations on sol–
gel-derived coatings from acid-modified titanium alkoxides. Journal of Non-
Crystalline Solids. 265: 276–284. 
Vaez, M., Moghaddam, A. Z., and Alijani, S. (2012). Optimization and Modeling 
of Photocatalytic Degradation of Azo Dye Using a Response Surface 
Methodology (RSM) Based on the Central Composite Design with 
Immobilized Titania Nanoparticles. Industrial & Engineering Chemistry 
Research. 51: 4199−4207. 
Valentin, C. D., Pacchioni, G. (2013). Trends in non-metal doping of anatase TiO2: 
B, C, N and F. Catalysis Today. 206: 12–18. 
Vu, T. H. T., Nguyen, T. T. T., Nguyen, P. H. T., Do, M. H., Au, H. T., Nguyen, 
T. B., Nguyen, D. L., and Park, J. S (2012).  Fabrication of photocatalytic 
composite of multi-walled carbon nanotubes/TiO2 and its application for 
desulfurization of diesel. Materials Research Bulletin. 47: 308–314. 
126 
 
 
 
Wang, C., Zhu, W., Xu, Y., Xu, H., Zhang, M., Chao, Y., Yin, S., Li, H., and Wang, 
J. (2014). Preparation of TiO2/g-C3N4 composites and their application in 
photocatalytic oxidative desulfurization. Ceramics International. 40: 11627-
11635. 
Wang, L., Cai, H., Li, S., Mominou, N. (2013). Ultra-deep removal of thiophene 
compounds in diesel oil over catalyst TiO2/Ni-ZSM-5 assisted by ultraviolet 
irradiating. Fuel, 105: 752–756. 
Wang, L., Chen, Y., Du, L., Li, S., Cai, H., and Liu, W. (2013). Nickel-
heteropolyacids supported on silica gel for ultra-deep desulfurization assisted 
by Ultrasound and Ultraviolet. Fuel, 105: 353-357. 
Wen, Y., Ding, H., and Shan, Y. (2011). Preparation and visible light 
photocatalytic activity of Ag/TiO2/graphene nanocomposite. Nanoscale. 3: 
4411.  
Wu, Z., and Ondruschka, B. (2010). Ultrasound-assisted oxidative desulfurization 
of liquid fuels and its industrial application. Ultrasonics Sonochemistry. 17: 
1027–1032. 
Xie, Y., Zhang, X., Ma, P., Wu, Z., and Piao, L. (2015). Hierarchical TiO2 
Photocatalysts with One-dimensional Heterojunction for Improved 
Photocatalytic Activities. Nano Research. 8(6): 2092–2101. 
Xiong , L., Li, J., Yang, B., and Yu, Y. Ti3+ in the Surface of Titanium Dioxide: 
Generation, Properties and Photocatalytic Application. Journal of 
Nanomaterials. 831524-831537. 
Yang, J., Bai, H., Tan, X., Lian, J. (2006). IR and XPS investigation of visible-light 
photocatalysis-Nitrogen-carbon-doped TiO2 film. Applied Surface Science. 
253: 1988–1994. 
Yang, Y., Ni, D., Yao, Y., Zhong, Y., Ma, Y., and Yao, J. (2015). High 
photocatalytic activity of carbon doped TiO2 prepared by fast combustion of 
organic capping ligands. RSC Advances. 5: 93635. 
Yu, J., Hai, Y., Jaroniec, M. (2011). Photocatalytic hydrogen production over CuO-
modified titania. Journal of Colloid and Interface Science. 357: 223–228.  
127 
 
 
 
Yu, X., Wang, L., Zhang, J., Guo, W., Zhao, Z., Qin, Y., Mou, X., Li, A., and Liu, 
H. (2015). Hierarchical hybrid nanostructures of Sn3O4 on N doped TiO2 
nanotubes with enhanced photocatalytic performance Journal of Materials 
Chemistry A. 3: 19129. 
Zaid, H. F. M., Kait, C. F., Mutalib, M. I. A. (2015). Photocatalytic Oxidative 
Desulfurization of Model Oil Using Cu/TiO2 Photocatalyst and Eutectic 
Based Ionic Liquid: Effect of Metal Loading. Applied Mechanics and 
Materials. 699: 210-214. 
Zarrabi, M., Entezari, M. H., and Goharshadi, E. K. (2015). Photocatalytic 
oxidative desulfurization of dibenzothiophene by C/TiO2@MCM-41 
nanoparticles under visible light and mild conditions. RSC Advances. 5: 
34652. 
Zhang, C., Pan, X., Wang, F., and Liu, X. (2012). Extraction–oxidation 
desulfurization by pyridinium-based task-specific ionic liquids.  Fuel. 102: 
580-584. 
Zhang, L., Jing, D., She, X., Liu, H., Yang, D., Lu, Y., Li, J., Zheng, Z., and Guo, 
L. (2014). Heterojunctions in g-C3N4/TiO2(B) nanofibres with exposed (001) 
plane and enhanced visible-light photoactivity. Journal of Materials 
Chemistry A. 2: 2071. 
Zhang, M., Zhu, W., Xun, S., Li, H., Gu, Q., Zhao, Z., and Wang, Q. (2013). Deep 
oxidative desulfurization of dibenzothiophene with POM-based hybrid 
materials in ionic liquids. Chemical Engineering Journal. 22: 328-336. 
Zhang, Z., Huang, Z., Cheng, X., Wang, Q., Chen, Y., Dong, P., Zhang, X. (2015). 
Product selectivity of visible-light photocatalytic reduction of carbon dioxide 
using titanium dioxide doped by different nitrogen-sources. Applied Surface 
Science. 355: 45–51.  
Zhao, K., Lu, Y., Lu, N., Zhao, Y., Yuan, X., and Zhang, H. (2013). Design of 
H3PW12O40/TiO2 nano-photocatalyst for efficient photocatalysis under 
simulated sunlight irradiation. Applied Surface Science. 1-9. 
Zhao, N., Li, S., Zhang, X., Huang, X., Wang, J., Gao, R., Zhao, J., Wang, J. 
(2015). Photocatalytic performances of Ag/ALa4Ti4O15 (A=Ca, Sr, and Ba) 
128 
 
 
 
on H2O2 oxidative desulfurization. Colloids and Surfaces A: 
Physicochemical Engineering Aspects.  
Zheng, S., Gao, L., Zhang, Q., and Guo, J. (2000). Synthesis, characterization and 
photocatalytic properties of titania-modified mesoporous silicate MCM-41. 
Journal of Materials Chemistry. 10: 723–727. 
Zhu, W., Wang, C., Li, H., Wu, P., Xun, S., Jiang, W., Chen, Z., Zhao, Z and Li, 
H. (2015). One-pot extraction combined with metal-free photochemical 
aerobic oxidative desulfurization in deep eutectic solvent. Green Chemistry. 
17: 2464-2472. 
Zhu, W., Xu, Y., Li, H., Dai, B., Xu, H., Wang, C., Chao, Y., and Liu, H. (2013).  
Photocatalytic oxidative desulfurization of dibenzothiophene catalyzed by 
amorphous TiO2 in ionic liquid. Korean Journal of Chemical Engineering. 
1-7. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
# 
 
